Modifications to the original racetrack lattice concept as used in the feasibility study of the DIAMOND light source project are presented here. Double bend achromat structures with both 16 and 20 cells are described, with 4 fold superperiodicity. The production of higher brightness beams through lower emittance is achieved by optics solutions having finite dispersion in the long straights. The implications of insertion device minimum gaps and of the beam energy spread are discussed with reference to the specification of the radiation spectrum required by users.
PROJECT BACKGROUND
In 1998 the UK government announced that funding had been allocated for a new X-ray synchrotron source, to replace the existing SRS at the Daresbury Laboratory. These funds will be jointly provided by the Government and the Wellcome Trust, which has a remit to fund research in the life sciences. The announced funding covers the 3 year period from April 1999, but it is assumed that later allocations will cover the full 6 year project timescale.
A review of the synchrotron radiation needs of the UK user community has recommended construction of a medium energy ring that complements the ESRF facilities in Grenoble; however for applications below about 50-100 eV an alternative national low energy source has been envisaged [I] . The 3 GeV DIAMOND design has demonstrated the feasibility of an X-ray synchrotron source at a scale suitable for the needs of the UK user community. Designed originally as a 16 cell double bend achromat (DBA) racetrack [21, this has now been modified to a 4 fold superperiodicity to obtain improved flexibility and a better dynamic aperture [3] .
Although a formal specification for DIAMOND is still in the process of being agreed, it is apparent that an important application of the facility will be in protein crystallography using samples of typical dimension 5 0~m and with very large cell dimensions. For this application high brightness photons at the selenium K-edge (12.7 keV) are essential, with energies up to about 20 keV also desirable, and several versions of the DIAMOND lattice have been studied to optimise performance against these criteria. High fluxes up to 50 keV will be provided by multipole wigglers (MPW), with energies beyond this available from high field insertions; DIAMOND is also well optimised for high brightness output in the soft X-ray region down to 100 eV or below. The extent to which even lower output energy (5-50 eV) can meet a defined user case is still under investigation, but will not alter the overall DIAMOND optimisation. Choosing between undulators or MPWs to deliver the required photon beams can have a significant influence on the facility specification, not least in the rf system demands. Additional factors are the ultimate minimum gap achievable with insertion devices and the electron beam energy. The study of these issues reported here indicates that a 3 GeV, 20 cell DBA lattice operated with finite dispersion in the long straights and with a circumference of about 400 m will produce the necessary high brightness beams up to 20 keV.
RACETRACK LATTICE
The original 16 cell racetrack lattice [2] consisted of 2 super-long cells together with 6 high and 8 low radial beta cells for injection, rf systems and more standard insertion devices. By independently powering the quadrupoles exact matching could be obtained between each type of cell. However the effect of the 2 super-long straights was to make the lattice fairly sensitive to errors and the 2-fold superperiodicity impacted strongly on the dynamic aperture achievable.
FOUR-FOLD LATTICE
With the continuing assessment of user requirements and after a review of the design of the racetrack machine it was decided that the basic DIAMOND design could be modified to obtain a number of improvements. Four-fold symmetry was selected with the prospect of better nonlinear lattice behaviour and the superstraights were shortened but able to accommodate all the accelerating cavities in one straight and injection components in another. Initial studies have been carried out on a DBA structure composed of I6 cells in four superperiods with straight section types in the following order: longshort(low br) -short(high br) -short(1ow pr).
It is important in determining the final performance of this type of lattice that the flexibility to vary the straight section beta functions is assessed; this however is dependent on fully optimising the nonlinear properties of the lattice in each configuration. At the moment both the achromat and the short straights are based on those of the previous racetrack machine. The The theoretical minimum emittance in a DBA can be reduced by a factor of 3 by allowing finite dispersion outside the achromatic arc. Studies with various realistic lattices have confirmed that it is possible in practice to obtain significant reduction in emittance under such conditions. In the particular case of a 3 GeV, 20 cell lattice with 4-fold symmetry, the emittance can be reduced from 8 nm-rad to about 3-nm-rad, with consequent major benefits in the brightness. Table 2 shows the comparison between lattice parameters for zero and finite dispersion. 300 300 Representative lattice functions for the finite dispersion solution of the 20 cell version are shown in Fig. 1 . 
PHOTON OUTPUT
The photon output from DIAMOND will cover a large range, from infra-red to hard X-ray, although the source is optimised to provide undulator output from about I00 eV to at least 5 keV and multipole wiggler output to beyond 50 keV. The photon energy range between about 5 to 20 keV has recently taken on new importance with the greater emphasis on the user case for life sciences and, in particular, protein crystallography. This photon range is in the crossover region for use of multipole wigglers and undulators in a 3 GeV source. The assumptions applied in earlier parameter feasibility studies, such as the minimum insertion device gap and the highest undulator harmonics to use, have been studied more carefully and revised.
Insertion Device Gap
Early feasibility studies for DIAMOND assumed an initial insertion device gap of 20 mm with a gradual move towards smaller gaps (and therefore higher photon energy output from undulators) after the machine was commissioned and well understood. This approach is no longer possible as the source must now have undulator beamlines in the 5 to 20 keV region operating from day one. Calculations have confirmed that beam lifetimes longer than 10 hours should he available with 5m long vacuum vessels within an insertion device magnet gap of 15 mm or alternatively with shorter 2m long vessels within a reduced magnet gap of 1Omm. The results of representative ideal gas scattering calculations are shown in Fig. 2 and illustrate that at small gaps the elastic (coulomb) component dominates the losses; good lifetime is however still obtained for beam-stay-clear apertures well under IO mm, giving confidence in utilisation of small gap undulators. It is likely that in-vacuo solutions for DIAMOND insertion devices will also be explored. 
Use of High Undulator Harmonics
Undulators have generally been designed to utilise the first, third and occasionally fifth harmonics. For hard Xray beam lines requiring high brightness in DIAMOND it will be important to exploit harmonic output beyond the fifth and this has been carefully assessed. It is well known that at high harmonics factors such as magnet quality, beam emittance and energy spread have greater influence on the quality of the photon output. When these factors are taken into account the on-axis beam brightness can reduce by one or two orders of magnitude in some circumstances. However, calculations with SRW [4] have shown that if all of the photons in the central cone can be accepted by the beamline, then the flux reduction is generally less than a factor of two from the ideal, even allowing for an energy spread well above the natural value. A summary of such a result is given in Fig. 3 and DIAMOND can deliver high flux output from its undulators over a very wide energy range from below 100 eV up to 15 keV and beyond. It is evident that at the higher energy end such undulators can be used in preference to the MPWs for topics such as protein crystallography, at least between 5 and 15 keV. This has major implications for the source specification, reducing the overall radiation power loading and also ensuring that an electron energy increase above 3 GeV is unnecessary.
